Introduction
In the field of agriculture, crop losses due to emerging plant diseases, including those of viral origin, are of great current concern particularly in developing countries (Anderson et al., 2004) . Strategies to combat plant disease outbreaks often involve early intervention either to stop diseases spreading or to prevent their introduction in the first place. Early detection of the appearance of disease or disease causing agents followed by rapid and accurate identification of these agents is essential if correct control measures are to be deployed. This is particularly true for entirely new diseases where novel control strategies may have to be developed alongside characterization of novel agents. The identification of a virus typically requires the application of a number of methods including physical, biological, serological and molecular methods. Traditional generic methods for identifying and characterizing novel virus diseases include the use of techniques such as electron microscopy or the use of indicator plants as bioassays. These methods are limited in their scope and only permit partial characterization of novel agents. Some nucleic acid based techniques such as dsRNA extraction (Balijja et al., 2008 and references therein) or rolling circle amplification (Haible et al., 2006) , although powerful in identifying unknown viral agents, are limited in their scope to RNA or circular DNA viruses respectively. Recently technologies such as diagnostic microarrays and mass spectrometry have been proposed as generic tools for identifying viruses (Mumford et al., 2006; Boonham et al., 2008) although all require some prior knowledge of the agents to be identified. With the advent of next generation high-throughput parallel sequencing platforms, the possibility of random metagenomic sequencing of diseased samples to identify putative pathogens has emerged (CoxFoster et al., 2007; Quan et al., 2008 and references therein) . However elimination of host nucleic acid in these systems is critical to boosting pathogen signals toward the detection threshold, and extremely low titre viruses may be missed with the currently available methods. Enrichment of viral nucleic acids by partial purification of virus-like particles (Melcher et al. 2008; Victoria et al., 2008) Contents lists available at ScienceDirect Virology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / y v i r o this, but are still not entirely generic, since viruses with unstable particles or non-encapsidated agents such as viroids or certain virus strains (e.g. Tobacco rattle virus NM strains) cannot be isolated. We hypothesized that it would be possible to identify viruses based on the sequences of viral defense related molecules in plants. RNA silencing (RNAi) is a cytoplasmic cell surveillance system to recognize double stranded RNA and specifically destroy single and double stranded RNA molecules homologous to the inducer, using small interfering RNAs (siRNA) as a guide (Mlotshwa et al., 2008 for a recent review). Viruses are both inducers and targets of RNAi that constitutes a fundamental antiviral defence mechanism in eukaryotic organisms (recently reviewed by Haasnoot et al., 2007a) . It is particularly important in plants that use RNAi to recover from virus disease (Covey et al., 1997) .
We describe the use of high-throughput sequencing of small RNAs (sRNA) from plants to successfully identify the viruses infecting them, including previously unknown viruses, even in extremely low titre symptomless infections.
Results and discussion
In an experimental setup sweetpotato plants were infected with two different RNA viruses individually or in combination. One of the viruses was sweetpotato feathery mottle virus (SPFMV; family Potyviridae), an often symptomless potyvirus, which frequently occurs in titres below immunological detection limits when infecting sweetpotato alone. The other virus was sweetpotato chlorotic stunt virus (SPCSV; family Closteroviridae), a phloem-limited crinivirus causing mild symptoms, whereas the two viruses infecting together cause the severe synergistic sweetpotato virus disease (SPVD); the single most important disease of sweetpotato worldwide (Karyeija et al., 2000) . While the experiment was originally set up to analyze the effects of SPVD on RNA silencing and siRNA accumulation in sweetpotato, we tested if the data obtained could be used also for diagnostic purposes, which is the topic of this manuscript.
We isolated and sequenced sRNAs from infected sweetpotato plants using the Illumina deep sequencing platform. Between 1 and 1.2 million sRNA (1-28 nt) reads were obtained from each of the three different samples and can be downloaded from http:// research.cip.cgiar.org/confluence/display/cpx/CIP.sweetpotato.2008. PER.CIPHQ.siRNA-1 . The far majority of sequences were between 21 and 24 nts in size. Sequences smaller or larger than this represented 3% or less of the total. Approximately ∼ 68% of all the reads were unique in the SPCSV and SPFMV infected samples, whereas this was reduced to ∼ 53% in SPVD affected samples, which was also Badnavirus specific sRNAs (corresponding to near complete [∼7.3 and ∼7.6 kb] genomes of the both badnaviruses). ⁎To compensate for natural sequence variation of the viruses and sequencing errors, up to two nucleotide mismatches were permitted, therefore a few low complexity hits are also identified in samples not infected by the corresponding virus and are considered unspecific.
accompanied by a dramatic relative reduction of the 24 nt RNA in favour of the 21 and 22 nt size classes (Fig. 1) . sRNA sequences could be assembled into contigs of up to more than 1000 nts using any of the three tested short sequence assembly programs. The longest contig of 3115 nts corresponding to SPFMV was obtained with VCAKE. VCAKE performed best with fragment size (−k) set to 21 and minimum overlap (−n) set between 11 and 15. SSAKE performed similarly and generally worked well with the parameter −m (minimum overlap) set between 11 and 13, and −t (end trimming) set to 2. Velvet worked best with the hash length set between 13 and 17, whereas the ideal coverage cutoff parameter varied considerably depending on the hash length used. Among the programs tested Velvet was by far the fastest and generally more accurate than SSAKE or VCAKE (since this study, a much faster version, VCAKE 2.0 has been released). Parameters in the latter two programs could however be optimized to generate longer contigs (more than 3 kb for SPFMV) than Velvet could achieve. Searches of nucleotide and protein databases using Blast with the assembled contigs and their corresponding translated peptides successfully identified the expected viruses in each plant, and, surprisingly, also identified several contigs with similarity to badnaviruses (family Caulimoviridae; dsDNA reverse transcribing viruses) and mastreviruses (family Geminiviridae; ssDNA viruses) ( Table 1 ; see supplemental files online for detailed Blast results of Velvet assemblies). Furthermore, contigs of SPFMV generated in dually infected plants were found to span the entire genome and could be further assembled to generate the complete genomic sequence ( Fig. 2A) with an average sequencing depth of 470×. The accuracy of the assembled sequence of SPFMV-Piu was confirmed by PCR and Sanger sequencing and was deposited in GenBank (accession no. FJ155666).
Further investigation of the badna-and mastrevirus specific contigs revealed that they corresponded to at least two distinct badnaviruses and one mastrevirus and covered more than 50% of their respective genomes (Fig. 2B ). Phylogenetic analysis using deduced protein sequences of the mastrevirus V1 (movement protein; data not shown) and V2 (coat protein) genes, and the partial badnavirus reverse transcriptase genes, confirmed their relatedness to the genera Mastrevirus and Badnavirus respectively (Fig. 3 ). Primers were designed ( Fig. 2B and supplemental Table 1) , and successfully amplified fragments of the expected sizes filling the gaps between the contigs found by siRNA assembly (data not shown). The obtained PCR fragments were sequenced using the Sanger method and assembled to produce the near complete genomes (partial intergenic region lacking) of both Badnaviruses which were deposited in the GenBank (FJ560943 and FJ560944) . The partial Mastrevirus sequences were deposited under accession numbers FJ560945 and FJ560946. The significance of these new, apparently symptomless, viruses remains to be understood.
SPCSV specific siRNA are not readily detectable using radioactive probes in SPCSV infected plants, whereas SPFMV specific siRNAs can be detected in single infection, and are abundant in SPVD affected plants . These findings were confirmed in this experiment by analysis of similarity of the sRNAs to the sequenced viral genomes using the program MAQ (Fig. 1) . The number of contigs identified for each virus corresponded well with amount sRNAs found with similarity to them (Fig. 1, Table 1 ). Results showed that 53-57% of all virus specific sequences corresponded to the 22 nt class of sRNAs, making up 40-50% of the 22 nt sRNAs (Fig. 1) . In contrast they represented only about 10% or 35% of 21-24 nt sRNAs in non-SPVD and SPVD affected plants respectively. Because the distribution of sRNAs over the viral genomes was similar among all size classes (data not shown), sequencing only the 22 nt size sRNAs could help to improve the sensitivity of virus detection using this method. We tested this with the current data set by using only the 22 nt RNAs for contig assembly and corresponding Blast. Results indicated that all viruses could readily be detected using only 22 nt sequences (Table 1) . Further simulation by assembling random subsets of the 22 nt sequences indicated that as few as 30,000 22 nt sequences were enough to assemble at least one contig recognizable as SPCSV, the virus with the fewest identified siRNAs, in single infection. Much fewer sequences were required for reliable identification of the other viruses (∼ 15,000 for the Mastrevirus, and only a few thousand for SPFMV and the Badnaviruses). In contrast, at least 120,000 21-24 nt sequences were required for similar sensitivity. On the other hand, because of the relative reduction of sRNAs specific to viruses other than SPFMV in SPVD affected plants, about 100,000 22 nt sRNA reads were required to identify SPCSV reliably, and 50,000 for the mastrevirus.
Analysis of polarity and distribution of sRNAs over the viral genomes showed that targeting was not homogenous over the viral genomes, and the positive strand was more profusely targeted on average than the negative strand in all cases (data not shown), which is consistent with previous studies (Donaire et al., 2008 and references therein). This variation affected contig assembly when fewer sequences were analyzed in which case only contigs of highly targeted regions were obtained. The significance of the distribution over the viral genomes, and the dramatic effect seen on the abundance and size of virus specific sRNAs in plants infected by SPFMV and SPCSV together, may provide important clues towards the mechanism of viral defense against different types of viruses as well as the synergistic disease caused by these two viruses in sweetpotato and will be further addressed in a separate study.
Besides virus specific contigs a number of apparently endogenous contigs were identified, most notably corresponding to ribosomal RNA, but also sequences with similarity to repetitive DNA and retro-elements, or genes closely associated to these elements (data not shown). The majority of contigs however did not produce any significant hits in the databases, most likely reflecting the relatively scarce amount of sweetpotato sequences available to date. The detailed analysis of endogenous small RNAs including miRNA is the topic of a separate study, and will not be further discussed here. This methodology, as applied in plants, was thus able to detect both RNA and DNA viruses, from widely different families and with different tissue trophisms and intracellular replication sites, even in extremely low titre and seemingly symptomless infections. It offers an entirely generic, specific and apparently sensitive approach to identify plant viruses, as compared to other techniques, which are all in some way limited to a subset of viruses that can be identified or require additional confirmatory steps for virus identification. Although at present the technique is still expensive enough to limit the extent of its application, the obtainable sequence depth from next generation platforms is rapidly increasing, with a corresponding reduction in price per sequenced base. Furthermore, simulations using subsets of data indicated that as few as 30,000 sequences may be required to obtain a reliable diagnosis of the viruses identified in this study. Thus in a single lane of an Illumina genome analyzer, providing 3-4 million reads at the time of our experiment, potentially 100-130 samples could be analyzed simultaneously. As a comparison, current germplasm indexing methods for sweetpotato takes six month to complete, requires ten separate serological tests, one PCR and grafting to indicator hosts and were still unable to identify the new viruses found in this study (the same viruses were confirmed in uninfected control which had previously been indexed). Improving the safety of internationally exchanged germplasm is an obvious application for the use of this type of deep-sequencing approach.
It remains to be verified if similar results can be obtained with viruses from other families and in other plants, but reports of virus specific siRNA from several plant species infected by many different viruses (Donaire et al., 2008; Mlotshwa et al., 2008 and references therein) suggest it may be universally applicable. Because the production of significant amounts of siRNA from viral genomes in response to infection has been reported also from invertebrate animals (Chotkowski et al., 2008) and fungi (Zhang et al., 2008) this methodology may be applicable to these organisms as well. On the other hand substantial populations of virus specific siRNAs have not yet been reported for mammalian viruses (Haasnoot et al., 2007b and references therein). The apparent sensitivity combined with increased throughput obtained by massive parallel sequencers may eventually lead to the technique becoming widely applicable.
Materials and methods

Plant material and virus strains
Pathogen-tested in vitro plants of the Peruvian sweetpotato landrace 'Huachano' (accession no. CIP420065) were obtained from the germplasm collection of the International Potato Center (CIP, Lima, Peru) and transferred to an insect-proof greenhouse at CIP. The isolate of SPFMV (SPFMV-Piu) and SPCSV (SPCSV m2-47) used for plant inoculation in this study were originally obtained from sweetpotato plants infected in the field in Peru . They were maintained in I. setosa plants in an insect-proof greenhouse at CIP, Lima, Peru. The viruses were inoculated to sweetpotato plants via grafting. Infection was confirmed by index grafting onto the susceptible indicator plants of I. setosa and double or triple antibody sandwich enzyme linked immunosorbent assay for SPFMV and SPCSV respectively as described in Kreuze et al. (2008) .
Nucleic acid extraction and sequencing
Total RNA was isolated from 3 g of fresh leaf material using Trizol (Invitrogen, CA, USA) following the manufacturer's instructions. The amount and quality of the RNA were checked using a spectrophotometer (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis. Lyophilized RNA was sent to Fasteris Life Sciences SA (Plan-les-Ouates, Switzerland) for processing and sequencing on the Illumina Genome Analyzer. Briefly, the processing by Illumina consisted of the following successive steps: acrylamide gel purification of RNA bands corresponding to the size range 20-30 nts, ligation of 3′ and 5′ adapters to the RNA in two separate subsequent steps each followed by acrylamide gel purification, c-DNA synthesis followed by acrylamide gel purification, and a final step of PCR amplification to generate DNA colonies template library for Illumina sequencing. DNA was extracted using the CTAB method. PCR amplification of virus specific fragments was performed using Taq DNA polymerase (Promega) according to the manufacturer's recommendations together with virus specific primers (supplemental Table 1 ). Sequencing of PCR amplified fragments using the Sanger method was performed by Macrogen (Seoul, Korea).
Sequence analysis
For siRNA sequence assembly three different short read assemblers were tested: SSAKE v3.2 (Warren et al., 2007) , VCAKE v1.0 (Jeck et al., 2007) and Velvet v0.6.04 (Zerbino and Birney, 2008) . Different, overlapping, contigs were produced depending on the program used and the parameters set, and they could be further assembled into greater contigs using the program ContigExpress included in the Vector NTI package (Invitrogen, Carlsbad, CA). Assembled contigs were used to search the GenBank/EMBL/DDBJ database using BLASTn (nucleotide blast) or BLASTx (translated nucleotide blast). Primers (supplemental Table 1 ) were designed for amplification and Sanger sequencing based on the identified viral contigs using Vector NTI (Invitrogen). Alignment and phylogenetic analysis were performed using the MEGA 4 package (http://www.megasoftware.net/). Coverage and distribution of virus specific contigs by siRNAs was determined using the program MAQ (http://maq.sourceforge.net) under default parameters, and results were exported to Microsoft Excel for further analysis. The total amount of identified mastrevirus specific siRNAs was multiplied by two as an approximation of the total mastrevirus siRNAs, because only half the mastrevirus sequence was available.
